Abstract. The Galileon model is a tensor-scalar theory of gravity which explains the late acceleration of the Universe expansion with no instabilities and recovers General Relativity in the strong field limit. Most constraints obtained so far on Galileon model parameters from cosmological data were derived for the limited subset of tracker solutions and reported tensions between the model and data. This paper presents the first exploration of the general solution of the Galileon model, which is confronted against recent cosmological data for both background observables and linear perturbations, using Monte-Carlo Markov chains. As representative scenarios of the Galileon models, we study the Full galileon model with disformal coupling to matter and the uncoupled Cubic galileon model. We find that the general solution of the Full galileon model provides a good fit to CMB spectra, while the Cubic galileon model does not. When extending the comparison to BAO and SNIa data, even the general solution of the Full galileon model fails at providing a good fit to all datasets simultaneously. Tensions remain if the models are extended with an additional free parameter, such as the sum of active neutrino masses or the normalization of the CMB lensing spectrum. Finally, the multimessenger observation of GW170817 is also discussed in the framework of the scenarios considered. The time delay between the gravitational signal and its electromagnetic counterpart was computed a posteriori in every scenario of the Full galileon model cosmological fit chains and found to be ruled out by this observation.
Introduction
Modifying standard General Relativity (GR) by adding an additional scalar degree of freedom provides a physically motivated alternative to the cosmological constant to account for the late acceleration of the Universe expansion. Among modified gravity theories, the Galileon model offers a viable theoretical framework which is free from ghost degrees of freedom and fulfills the observational tests of gravity in the solar system. In this model, GR is supplemented by an additional scalar field, hereafter noted ϕ, whose equation of motion must be of second order in the field derivatives and invariant under the Galilean shift symmetry ϕ → ϕ + c + b µ x µ , where c is a constant and b µ is a constant vector. The five possible Lagrangian terms for the uncoupled Galileon field ϕ were derived in [1] and were formulated in a covariant form in [2, 3] .
The Galileon model has been extensively tested against various sets of cosmological data, whether in its uncoupled version (see e.g. [4] [5] [6] ) or with direct couplings to matter (see [7, 8] ). Almost all recent results were restricted to the subset of tracker solutions of the model (see e.g [9] [10] [11] [12] ) after [5] advocated that tracker solutions were good representative of solutions able to reproduce the temperature CMB spectrum. More recently, the observation of a gravitational wave (GW) event with an electromagnetic counterpart was used to reject Galileon models with quartic or quintic Lagrangian terms [13] [14] [15] .
In this paper, we revisit the comparison of the Galileon model with cosmological data and test the general solution of the model, in order to assess the robustness of constraints derived from tracker solutions only. Best-fit scenarios are then confronted to GW data.
The outline of the paper is as follows. The main equations of the Galileon model are recalled in section 2. Section 3 describes the datasets used to constrain the model while section 4 introduces the methodology. Results are detailed in section 5 and further discussed in section 6. We conclude in section 7.
The Galileon model
The covariant action for the Galileon model with disformal coupling to matter is the following in the Jordan frame [1, 16] :
where the c i 's are dimensionless parameters, R is the Ricci scalar, M 3 ≡ H 2 0 M P is a scale parameter, G µν is the Einstein tensor, L m is the matter Lagrangian and the L i 's are the Galileon Lagrangians defined by: ;ρ − 6 (ϕ ;µ ϕ ;µν G νρ ϕ ;ρ ) (2.6) where = ∇ µ ∇ µ is the d'Alembertian operator. The semicolon expresses a covariant derivative with respect to space-time coordinates, also noted ∇ µ . L 1 is a tadpole term that acts as the usual cosmological constant, and may furthermore lead to vacuum instability because it describes an unbound potential term. Therefore, we set c 1 = 0 in the following. L 2 is the usual kinetic term for a scalar field, while L 3 to L 5 are couplings of the Galileon field to itself and to the metric, bringing modifications to gravity. The Galileon model passes all solar system tests of gravity [17] thanks to the Vainshtein screening effect introduced by the non-linear Lagrangians L 3 to L 5 .
The direct disformal coupling between the Galileon field and matter appears in the Jordan frame as a coupling to the metric through the term ∝ G µν ϕ ;µ ϕ ;ν with a coupling constant c G . In principle, one could add a conformal coupling term ∝ ϕR with a coupling constant c 0 . However, it was shown in [8] that scenarios with conformal coupling are disfavoured by cosmological distance observations. Furthermore, adding a conformal term to the action makes the numerical resolution of cosmological background and perturbations evolution much more complicated. Thus, we do not consider such a coupling in the following.
Background evolution
Applying the variational principle to (2.1) for the particular case of the FLRW metric, [4] showed that the equations of motion for the cosmological background can be reduced to the following system of two coupled differential equations:
where the circle superscript corresponds to a derivative with respect to ln (a), a being the scale factor of the FLRW metric. We defined the reduced Hubble rateH ≡ H/H 0 , x ≡ o ϕ/M P and introduced the following functions:
Here, Ω 0 γ is the reduced energy density of the photons at present time, and p ν https://www.overleaf.com/project/5bb39d2aa5 is the neutrino pressure at any time which simply reduces to ρ ν /3 for massless neutrinos.
In order to compute the background evolution in the Galileon model, one needs to set the c i 's and c G values, and to choose initial conditions forH and x at a given z i . A convenient choice, following [6] , is to take the initial condition at z i = 0 for whichH (z i = 0) = 1. The somehow difficult choice for x 0 will be treated in section 4.
Perturbation equations in the synchronous gauge
The covariant cosmological perturbation equations in Galileon cosmology were obtained in [18] using a 3+1 decomposition. The idea of the 3+1 decomposition is to split physical quantities into their space and time components with regard to the 4-velocity u µ of an observer to be defined when fixing the gauge. Space-like tensors can be obtained by projection on the 3-dimensional surfaces perpendicular to u µ using the induced metric ⊥ µν ≡ g µν + u µ u ν . This projection operation will be denoted with a hat. For instance, the covariant spatial derivative of a tensor is given by:
It is then possible to express the energy-momentum tensor and the covariant derivative of the observer 4-velocity as:
where π µν is the Projected Symmetric and Trace-Free (PSTF) anisotropic stress tensor, q µ is the heat flux vector, ρ is the energy density, p is the isotropic pressure, σ µν is the PSTF shear tensor, ω µν the vorticity, A µ ≡ u µ ∇ µ u ν is the acceleration of the observer and θ ≡ ∇ α u α = 3H is the expansion scalar. In order to obtain perturbed Einstein equations, one also needs to express the perturbations of the metric. We define the symmetric part E µν and anti-symmetric part B µν of the Weyl tensor W µναβ , which is the trace-free part of the Riemann tensor, and the projected Ricci scalarR.
In the following, we only consider scalar modes of perturbations at linear order, since they are sufficient to compute the power spectra of the Cosmic Microwave Background. As shown in [19] , scalar perturbations of ω µν and B µν are at most of second order and, thus, do not appear in scalar linear perturbation equations. Furthermore, the perturbation equations as implemented in the publicly available Einstein-Boltzmann solver CAMB [20] are written in the synchronous gauge [21] in which the acceleration A µ vanishes. As our aim is to derive equations of Galileon perturbations suitable for CAMB, we adopt the same prescription in the following. We further decompose the remaining scalar perturbations in terms of Fourier space variables by the use of the eigenfunction Q k of the spatial Laplacianˆ ≡∇ µ∇ µ that satisfies:ˆ
Except for the pressure perturbations that are not used in CAMB, the remaining scalar perturbations are decomposed on the Q k basis as:
where we have defined ξ = f eom 5
. In order to solve the differential equations, one only need two additional initial conditions for γ and γ , taken at very early time, following the prescription for CAMB initial conditions of the perturbations. However, it was noted in [18] that the exact value for these initial conditions does not influence significantly the evolution of Galileon perturbations and can be taken equal to 0, which will be done in all the following results.
Datasets

Type Ia Supernovae
In this work, we used the Joint Light-curve Analysis (JLA) sample of type Ia supernovae (SNIa) published jointly by the Supernova Legacy Survey (SNLS) and the Sloan Digital Sky Survey (SDSS) collaboration [22] . The JLA catalog is composed of 740 SNIa, among which 374 were observed by the SDSS telescope, 242 come from the first three years of SNLS data observed by the Canada-FranceHawaii Telescope, 110 are low redshift events (z < 0.08) from several surveys and finally 14 are high redshift SNIa (0.7 < z < 1.4) observed by the Hubble Space Telescope (HST). We used the published JLA results, including covariance matrices.
Baryonic Acoustic Oscillations
The Baryonic Acoustic Oscillations (BAO) scale measurements used here come from several sources. At low redshift, we used a measurement at an average redshift of z = 0.106 from the 6dF Galaxy Survey (6dFGS) catalog of galaxies [23] and a measurement at an average redshift of z = 0.15 from the SDSS DR7 Main Galaxy Sample (MGS) [24] . Finally, we used three additional measurements at average redshifts of z = 0.38, 0.51, 0.61 from the galaxy sample of BOSS DR12 [25] . We used the published covariance matrix for the last three measurements as they are not independent.
The BOSS DR12 measurements probe the BAO scale at a given redshift in an anisotropic manner, which measures the Hubble rate and the comoving angular diameter distance defined by:
Because of limited sample size, the low redshift measurements were performed assuming an isotropic behaviour, which can only constrain an effective distance parameter defined by:
BAO observables are sensitive to the above distances and Hubble rate normalized by r d , the sound horizon at the drag epoch. We used the BAO measurements summarized in table 1. They correspond to the baseline of the Planck Collaboration in 2015 [26] that we decided to follow.
Cosmic Microwave Background
The Cosmic Microwave Background (CMB) data used in this paper are those published by the Planck Collaboration in 2015 [26] that will be referred to as Planck 2015 in the following. We used all available binned data from Planck 2015, namely the temperature power spectrum (TT), the polarization spectrum from E modes (EE), the cross-spectrum between temperature and polarization E modes (TE) and finally the lensing power spectrum. The first three power spectra extend up to ≤ 2508. Following the Planck collaboration prescription, we restrict the use of the lensing power spectrum to the multipole range where the reconstruction was proved to be robust and the estimator signal-to-noise to be greatest, namely 40 ≤ ≤ 400. 
Gravitational Waves
On the 17th of August 2017, a gravitational wave signal was observed with an electromagnetic counterpart from what was interpreted to be a neutron star binary merger [27] . This event, referred to as GW170817 in the following, puts strong constraints on modified gravity models since many of them predict GW and light to have different propagation speeds. This is, in particular, the case of the Galileon model, for which the GW speed is given by [28] :
Note that c g differs from the speed of light only if at least one of the parameters c 4 , c 5 , c G is non zero. The useful observable is the time delay between the arrival of the GW and the corresponding Gamma Ray Burst, measured to be ∆t = 1.74 ± 0.05 s [27] . For a given model, assuming there is no time delay between GW and light emissions, the time delay at arrival ∆t is defined by:
In principle, we should consider a nuisance parameter δt to take into account the time delay at emission, assumed to be less than 10 s.
Methodology
Predictions for the cosmological observables corresponding to the above datasets depend on a few free parameters. The first set of free parameters is common to most cosmological models:
Here, Ω b is the density of baryonic matter at present time, Ω c the density of cold dark matter at present time, h the dimensionless Hubble constant defined by H 0 = h · 100 km · s −1 · Mpc, θ M C the angular scale of the CMB first peak, τ the optical depth at reionization, n s the spectral index of the primordial fluctuations and A s the amplitude of these primordial fluctuations. These parameters are the only free parameters of the base ΛCDM model. In addition to these cosmological free parameters, the Galileon model has its own parameters:
However, it has been shown in [29] that the system of differential equations (2.7) and (2.8) for background evolution is invariant under the following transformation of the c i 's and x, for any arbitrary parameter A:
Following [6] , we choose to set A to the value of x at present time x 0 , to break the degeneracy between the Galileon parameters. This rescaling avoids to choose the initial value x 0 to solve the system of differential equations, since the rescaled function x has the simple initial condition x 0 = 1, regardless of the scenario. Thus, the only free parameters for the Galileon model are:
It is possible to set one of these imposing the Universe to be flat at present time. Flatness translates into a new relation between the c i 's that comes from the first Friedmann equation:
This equation will be used to set the value of the parameter that corresponds to the highest order terms in the background system of equations (2.7) and (2.8).
We define three categories of models to constrain:
ΛCDM, as a reference, with the set of free parameters
Full galileon, which corresponds to the complete Galileon model described in section 2. The set of free parameters for this model is
Cubic galileon, which is a subset of the previous model where c 4 = c 5 = c G = 0. The set of free parameters for this model is
This subset of models is particularly interesting because as c 4 = c 5 = c G = 0, the GW speed is equal to the speed of light.
Following the terminology of the Planck Collaboration [26] , the above models will be referred to as base models. We will also study extended models for which one additional free parameter is considered, namely the normalization of the lensing power spectrum A L [26] or the sum of active neutrino masses m ν . These two parameters are set to A L = 1 and m ν = 0.06 eV in the base models. In both base and extended models, all other parameters are set to their CAMB default values.
To derive constraints on the above models, we modified the version of CAMB [20] released in November 2016 to include the Galileon cosmology in addition to the standard ΛCDM cosmology. We have thoroughly checked that the results for the background and perturbation evolutions in Galileon cosmology from our version of CAMB are compatible with independent previous results. In particular, the angular power spectrum of temperature anisotropies and the matter power spectrum were found to be compatible at better than 1% with those published in [18] . The exploration of the model parameter space was performed using our own modified version 1 of the November 2016 release of the publicly available Monte-Carlo Markov Chain (MCMC) code CosmoMC [30] . More details on the parameter exploration can be found in appendix B. Figure 1 shows the one-dimensional marginalized likelihood (L) and the two-dimensional 1σ and 2σ contours obtained using the combination of CMB, BAO and JLA data for the parameters common to the three base models. Table 2 summarizes the one-dimensional marginalized likelihood values of the parameters of the three models along with the values of χ 2 = −2lnL for the set of parameters maximizing the likelihood L of the combined fits. Figure 2 shows the TT, TE, EE and lensing power spectra for the best fitting parameters to CMB data only and to the combination of CMB, BAO and JLA data, for the three models. Figure 3 and Figure 4 are the equivalent figures for the SNIa Hubble diagram and the BAO distances, respectively.
Results
Base models
As can be seen in Table 3 that shows χ 2 values of the best-fits to each dataset separately, the ΛCDM and Full galileon models are able to fit the three datasets correctly, while the Cubic galileon has difficulties to fit CMB data properly, especially the ISW part (low-) of the temperature power spectrum, and, to a lesser extent, the lensing power spectrum (see Figure 2) Table 3 : χ 2 values of the best-fit to each dataset separately for the three base models.
is able to fit correctly the combination of CMB, BAO and JLA data. Indeed, the contributions from each probe to the total χ 2 are higher for the Galileon models than for the ΛCDM model (see Table 2 ). This is not so significant in the case of JLA and CMB data given the high number of measurements. On the other hand, the Galileon models have χ 2 (BAO) ∼ 30 for only 8 data points, significantly larger than what is seen in the ΛCDM model. Thus, the Galileon base models appear to be in tension with cosmological observations, especially with BAO measurements (see Figure 4) . Note also that the Cubic galileon model provides a worse fit to data than the Full galileon model, as indicated by higher CMB χ 2 values in the Cubic model but also by non-zero Full galileon model best-fit values for c 4 , c 5 and (to a lesser extent) c G (see Table 2 ).
Another interesting feature of the Galileon models compared to ΛCDM is that CMB data tends to favour very low values of the optical depth at reionization, τ , and thus low values of the normaliza- tion factor of primordial perturbations, A s , since most of CMB observables depend on the combination A s e −2τ (see Table 2 and Figure 1 ). In fact, only the lensing spectrum and the low multipoles of the TE spectrum slightly break the degeneracy. In the case of the Galileon models, the two effects pull the value of τ (or equivalently of A s ) in opposite directions. Polarization favours reasonably high values of τ ∼ 0.06 while the normalization of the lensing power spectrum favours very low values of τ ∼ 0.005. This comes from the fact that the gravitational potential is deeper in the selected Galileon scenarios compared to ΛCDM, which leads to more lensing. The very low value predicted for τ in the Galileon models has important consequences since it sets the value of the reionization redshift, at which most of the Universe is reionized, to z rei ∼ 1. On the other hand, this redshift can be constrained by direct astrophysical observations [31] , and is found to be z rei 6, leading to another incompatibility. In fact, among all Galileon scenarios saved in the chains, not a single one predicts a z rei value above 6. This is the final nail in the coffin of Galileon base models.
It may, however, be possible to alleviate the two incompatibilities previously encountered by adding one of the available additional parameters, as will be presented in the following section.
Extended models
The goal of this section is to check whether adding one more parameter to the base models, with proper justification, could solve the incompatibility on the reionization redshift and the tension with BAO measurements. While it is hard to explain why Galileon models fail to reproduce CMB, BAO and JLA measurements simultaneously, we have seen that the reason why Galileon models predict a very low value for τ , and thus z rei , is related to the higher lensing effect in the selected Galileon galileon scenarios. Therefore, we will consider in the following additional parameters that are likely to impact the lensing power spectrum, and will check whether it also solves the BAO tension. 
Lensing normalization
Gravitational lensing by large-scale structures impacts the CMB temperature and polarization. Acoustic peaks and troughs in the TT, TE and EE spectra are smoothed, some polarization E-modes are converted to B-modes and significant non-Gaussianity is generated in the form of a non-zero connected 4-point correlation function. The lensing power spectrum C φφ measured by the Planck collaboration corresponds to the latter effect and is determined from lens reconstructions using 4-point correlation functions of both temperature and polarization data [32, 33] . That direct measurement and the imprint of lensing embedded in the CMB anisotropy power spectra (in temperature and polarization) are expected to be consistent -within the considered theoretical model. To assess this, the Planck collaboration introduced the A L parameter in their cosmological fits that scales the theoretical prediction for the lensing power spectrum in each point of the parameter space and is also used to predict the lensed CMB spectra. The theoretical expectation is A L = 1. However, Planck data indicate a preference for A L > 1 in the ΛCDM model, more significant when only CMB spectra are used, e.g. A L = 1.22 ± 0.11 from fits using TT and low multipole polarization 2015 data [26] . Planck direct lensing reconstruction pulls the constraint towards A L = 1 without restoring full agreement (for more complete and quantitative results, see the final publication [34] ). If this tension is not purely of sta- tistical origin, it may be the hint of residual systematics or indicate a breakdown of the theoretical model. It is therefore relevant to include A L in our study. Figure 5 shows the contours and marginalized likelihoods obtained using the combination of CMB, BAO and JLA data for the parameters common to the three models extended to A L . The confidence intervals for each parameters are summarized in Table 4 . As expected since A L plays directly on the normalization of the lensing power spectrum, it is highly correlated with A s and therefore with τ . It is possible to keep reasonable values of τ and still fit the lensing power spectrum correctly in the Galileon models by lowering its normalization, i.e. by having lower values for A L . This way, the predicted values for τ and z rei become similar in Galileon models and ΛCDM model and are compatible with direct observations. However, though adding this new parameters solves the issue with reionization, it does not solve the tension with BAO measurements. Despite the lower χ 2 (BAO) for the best-fits of the two Galileon models, which is to be expected when adding a new parameter, they are still at some large and unlikely value. So, Galileon models remain in tension with BAO measurements in this first extension.
Active neutrinos masses
The second relevant free parameter that has a significant effect on CMB lensing is the sum of active neutrinos masses, m ν , as was already explored in [9] . The three active neutrinos of the standard 
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Full galileon Cubic galileon Figure 5 : Marginalized 1D and 2D constraints for all parameters common to the three models extended to A L , from fits to CMB, BAO and JLA combined data.
model of particle physics carry a mass, as proved by the observation of neutrino oscillations [35] , with the present limits: 0.06 eV < m ν < 6.6 eV (5.1)
The lower bound comes from neutrino oscillations [36] and the upper bound from direct experiments [37] . There is currently no evidence that m ν = 0.06 eV as was assumed in the base models, so it is perfectly relevant to let this parameter free. Moreover, in the above range of masses, neutrinos do not modify significantly the shape of the CMB power spectra except for the lensing power spectrum and large scales of the temperature power spectrum. More massive neutrinos interact more via gravitation with CDM and baryons, but since they do not enter structure formation because of free streaming, this interaction slows down the infall of matter inside gravitational wells. So, larger neutrino masses mean lower density contrast which lowers the gravitational potential and the lensing effect. Table 4 : Constraints on the free parameters and a few derived parameters for the three models extended to A L from CMB, BAO and JLA combined data. χ 2 values given in the table are contributions from each probe to the χ 2 of the global best-fit. Figure 6 shows the contours and marginalized likelihoods obtained using the combination of CMB, BAO and JLA data for the parameters common to the three models extended to m ν . The confidence intervals for each parameters are summarized in Table 5 . The conclusions are basically the same as for the previous extension, as expected since they have a similar effect on the CMB power spectra and do not change much the predictions of BAO scales. The incompatibility with reionization is solved by increasing m ν , but the BAO tension remains.
It is interesting to note that, contrary to ΛCDM, the best fitting Galileon scenarios predict a non-zero sum of neutrino masses, as was noticed also in other modified gravity models (see e.g. [38] [39] [40] [41] ). The sum of neutrino masses is strongly correlated with Ω m and the Hubble constant, whose constraint from Planck [26, 34] in ΛCDM is in tension with the direct measurement from [42] . In ΛCDM, the higher m ν , the lower H 0 . This is also the case for the Galileon models, as can be seen in Figure 7  (see also Tables 2,5 ). Altogether the best fitting Galileon scenarios predict a non-zero m ν compatible with particle physics bounds and a high value of H 0 in agreement with the direct measurement of [42] . To be fully satisfactory, modified gravity models should also relieve the tension between CMB and clustering data on σ 8 (late-time clustering amplitude) present in ΛCDM [26, 34] and Galileon models (see Table 5 ). Note, however, that σ 8 , H 0 and m ν are correlated and degenerate with modified gravity effects, as discussed in [34, 43] . At present, tensions on these parameters are not strong enough to indicate a breakdown of ΛCDM. Until a standard explanation for these tensions is 
Full galileon Cubic galileon Figure 6 : Marginalized 1D and 2D constraints for all parameters common to the three models extended to m ν , from fits to CMB, BAO and JLA combined data.
found, they remain a good reason to keep on looking at gravity models.
Constraints from Gravitational Waves
One originality of this work is to treat the time delay ∆t between gravitational waves and the electromagnetic counterpart of GW170817 as a derived parameter that can be computed a posteriori for every scenario selected by the Markov chains. The constraints on ∆t derived from CMB, BAO and JLA data can thus be confronted with the measurement ∆t = 1.74 ± 0.05 s.
As explained previously, the ΛCDM and Cubic galileon models both predict that gravitational waves speed is equal to the speed of light. It implies that |∆t| = |δt| < 10 s which is, by construction, compatible with GW170817. So, the constraints from CMB, BAO and JLA on ∆t are only relevant for the Full galileon model. The likelihood distributions of log|∆t| for the Full galileon base model and its two extensions are presented in Figure 8 . Full galileon scenarios selected by the Markov chains of the fit to all cosmological datasets combined predict a huge delay between gravitational waves and light, of the order of: |∆t| > 10 14 sec ∼ a few million years (5.2) This prediction, consistent with the results presented in [13] [14] [15] , is totally incompatible with the observation of GW170817, which definitely rules out the Full galileon as a viable cosmological model.
Discussion
Tensions with cosmological observations
The previous section shows that the Galileon base and extended models have serious difficulties to reproduce BAO measurements when fitting to CMB, BAO and JLA data simultaneously. To understand why this is so, we remind that BAO measurements are sensitive to the combination of parameters P = c/ (H 0 r d ), where r d is the sound horizon at the drag epoch, given by : with c s the sound speed in the baryon-photon fluid. The sound horizon depends only on the physics of the baryon-photon plasma until the end of recombination. So, r d is expected to be similar in models that have similar early universe behaviour, in our case if dark energy is still negligible until the drag epoch. The values of Ω * ϕ /Ω * m (ratio of the Galileon and matter energy densities at recombination) in Tables 2, 4 and 5 show that this is indeed the case for the selected Galileon scenarios.
In the absence of dark energy, the value of r d depends non trivially on {Ω b , Ω c , H 0 }. Thus, in our parameterization where H 0 is computed from the value of θ M C , BAO predictions depend on
However, these parameters are very well constrained by CMB data, through the positions and amplitudes of the temperature power spectrum peaks. These features depend mostly on the dynamics of the baryon-photon plasma at recombination and are fairly model independent if dark energy is negligible at that epoch. In that case, when CMB data is used, there is not much freedom left to fit BAO measurements.
Indeed, at given values of Ω b h 2 and Ω c h 2 , fixing the Hubble constant is equivalent to fixing θ MC whose prediction depends strongly on the model through the comoving angular distance D M which is determined by the late time history of the Universe: Here z * is the redshift at recombination and r s is the sound horizon at recombination, which is very similar to r d . Tight constraints on Ω b h 2 , Ω c h 2 and 100θ MC from CMB data will thus favour model parameters that give approximately the same D M (z * ) as in ΛCDM. In Galileon fits, the parameters that enter the prediction of D M (z * ) are the Galileon c i parameters, Ω m and H 0 , with the constraint that Ω m h 2 be set by CMB data. So, the disagreement between Galilon models and data observed in combined fits means that the region favoured by CMB data does not overlap the region favoured by BAO data. In other words, there is a tension between the early universe CMB data and the late time BAO data, concerning in particular the value of Ω m . Indeed the expansion rate is higher in the Galileon model than in the ΛCDM model (see Tables 2, 4 and 5). As CMB data constrains Ω m h 2 to remain the same, a higher H 0 implies a lower Ω m . This creates an impossibility for the Galileon models to satisfy both the constraint from CMB data on D M (z * ) to be close to the ΛCDM value when dark energy is subdominant, and the constraints on H(z) and D A (z) from BAO, where the Galileon field dominates.
To quantify rigorously the disagreement between data and predictions from the Galileon model would require an extensive statistical analysis, which is not reasonably conceivable for such a model. It is possible, though, to have an idea of this disagreement by comparing χ 2 (BAO), the BAO contribution to the global χ 2 from the best combined fits, with the χ 2 distributions from the fits to BAO data only (see Figure 9) . A model in agreement with BAO data would have its χ 2 (BAO) from the best combined fit near the peak of the χ 2 distribution, as is the case for the ΛCDM model. The fact that the χ 2 (BAO) values from the best fits of the Galileon models are so far in the tail of the χ the fits to BAO data only, we estimate the p-value to be < 3/N chains , where N chains is the number of points selected in the Markov chains. The Full galileon models are found to be in tension with BAO data at the level of ∼ 3.5σ (base), ∼ 3.8σ (extension to m ν ), > 3.9σ (extension to A L ). Cubic galileon models are found to be in > 3.8σ (all) tension with BAO data. This result completes and extends the conclusion, from previous works [11, 12] , that the tracker solutions of the Galileon models were ruled out by cosmological data.
Tracker solutions
One of the main goals of this work was to confirm or invalidate results from previous studies [9] [10] [11] [12] obtained by exploring a subset of Galileon solutions. Indeed, after the first release of Planck results, all studies were restricted to tracker solutions defined by the relation
where the subscript ∞ stands for the limit a → ∞. Tracker solutions are particularly interesting because they are attractor scenarios, first exhibited in [29] , which means that every Galileon scenario will eventually converge towards a universe with the same properties and evolution as a particular tracker solution. Furthermore, the background evolution of tracker solutions can be determined analytically which helps to speed up very much the exploration of the parameter space. Finally, restricting to tracker solutions imposes a new relation on Galileon parameters, which allows one of the free parameters to be removed and reduces the size of the parameter space:
All Galileon scenarios considered in our work start their evolution away from a tracker one since they are very unlikely to follow exactly relation (6.4) . However, they all eventually converge towards a particular tracker evolution whenH 2 x gets sufficiently close to the associated tracker valueH 2 ∞ x ∞ . Thus, our approach includes scenarios that reach their associated tracker well before the Galileon has any significant physical impact, which cannot be distinguished from tracker solutions. Since we have flat priors on the c i 's, we let cosmological data drive the fit and determine whether best-fit Galileon scenarios reach their associated tracker early or not.
It was argued in [5, 9] that the only Galileon scenarios that fit correctly the temperature CMB power spectrum are those that reached their associated tracker solution well before the dark energy dominated era, i.e. before a 0.5, and that there is no loss of generality by restricting to purely tracker solutions because the Galileon field does not modify significantly the physics of the early Universe. We wanted to check this statement with more recent cosmological data. Furthermore, those tracker only studies concluded to tensions between the Galileon model and BAO data. Allowing for more scenarios with a richer phenomenology, especially for the cosmological background which determines BAO observables, is important to avoid missing possibly interesting sets of parameters. In order to quantify the moment at which the associated tracker is reached, we define the scale factor a r at which
≤ r. We chose to consider that the tracker evolution is reached when r = 0.05. In practice, to determine a 5% , the asymptotic valueH 2 ∞ x ∞ was computed at a = 10. At this value, we observed that all scenarios selected in the Markov chains had converged to their associated tracker at an excellent precision. The a 5% parameter is to be compared to a ∼ 0.5 at which the dark energy era starts. According to [9] , data should prefer only scenarios with a 5% < 0.5. In Figure 10 we show that the Cubic scenarios selected by the MCMC exploration are in this case while data prefer scenarios of the Full galileon model that are not. Thus, the scenarios of the Cubic galileon model selected in the Markov chains of our general analysis behave as suggested in [5, 9] and reach their associated tracker solution well before the dark energy dominated era. This is an important result since the Cubic galileon model reduced to tracker solutions was ruled out by [11] with a significance of ∼ 8σ, using the ISW effect, and also by [12] using weak lensing data. Yet, the above statement does not hold in the case of the Full galileon model, for which the associated tracker is reached later. Most of the selected scenarios reach their associated tracker at the transition to the dark energy era (base models), or after it started (extended models), as shown in Figure 10 . In particular, only the best-fit of the base model reaches the tracker solution at better than 5% at a ∼ 0.5 (see Figure 11) . Examination of the Markov chains revealed that this tendency is driven by BAO data that favour scenarios that are further away from their associated tracker. 
Dark energy era
Base Extended AL Extended mν Tracker Figure 11 : Evolution ofH 2 x as a function of the scale factor for the best fits of the Full galileon (left) and Cubic galileon (right) base and extended models. The tracker solutions are located on the horizontal axis. The grey bands correspond to a gap of 5% with respect to the associated tracker.
Most of these scenarios, and in particular best-fit scenarios, would be missed by a tracker-only study despite the fact that they fit the CMB temperature power spectrum quite correctly, as shown by the CMB contribution to the χ 2 values of the global best-fits in tables 2,4,5.
Conclusion
In this paper, we explored and constrained the general solution of the full covariant Galileon model with direct disformal coupling to matter, as well as its uncoupled Cubic version. We used cosmological observations from recent CMB, BAO and SNIa data, and from the observation of GW170817. We found that looking at general solutions of the Galileon model, instead of restricting to tracker solutions only, was important to avoid missing interesting scenarios. Indeed, our best-fit scenarios in the Full galileon model provide good fits to CMB spectra while reaching their associated tracker solution at or after the start of the dark energy dominated era in contrast with the argument in favor of limiting the exploration of the Galileon model to tracker solutions only. Our results show that tracker solutions are not completely representative of the sub-space of solutions that are able to reproduce CMB data. As recent works proved that tracker solutions could not provide good fits to those data [9, 11, 12] , it was essential to explore the general solution to establish robust constraints on the Galileon model.
However, despite providing good agreement with CMB spectra, the general solutions of the Galileon models, either Full or Cubic, are not able to reproduce simultaneously CMB, BAO and JLA data. In addition, the best fitting scenarios have very low values of the optical depth at reionization and thus of the reionization redshift, which are incompatible with direct astrophysical observations of reionization. The preference for low values of the optical depth at reionization was found to be related to the higher lensing effect in Galileon best-fit scenarios compared to ΛCDM ones. This led us to consider Galileon models extended to one additional parameter that impacts the predicted lensing power spectrum. We studied extensions to either A L , the lensing spectrum normalization, or m ν , the sum of active neutrino masses. These extensions remove the incompatibility with reionization data, but the tension with BAO measurements remains, although reduced. Note that whatever the fit (base or extended model) the uncoupled Cubic model always performs worse than the Full galileon model, due to poorer agreement with CMB data.
Finally, constraints from the time delay measured between GW170817 and its electromagnetic counterpart were applied a posteriori on all scenarios selected by the Markov chains of the Full galileon model, which predicts a difference between GW and light speeds, contrary to the uncoupled Cubic model. All scenarios were found to be fully excluded by this measurement. Thus, altogether, the general solution of the Galileon model appears to be ruled out by recent observations. This work extends and confirms the constraints obtained with tracker solutions only [9] [10] [11] [12] . 
B MCMC parameter space exploration
We started the parameter space exploration from the best-fit published in [8] (resp. [9] ) for the Full (resp. Cubic) galileon model with priors from the Planck Collaboration for the set of parameters common to the three models. This first step provided more relevant priors (best-fit and covariance matrix) for a second run. For each Galileon model and combination of data, we ran eight chains in parallel, with approximately 10,000 points per chain from which we got rid of the first half to remove the burn-in phase. We ran only four chains for the ΛCDM model, to save computation time, and we checked that our results were compatible with those from the Planck Collaboration [26] . For all models, the convergence of the chains was checked using the Gelman-Rubin diagnostic R, and was assumed to be reached when R − 1 < 0.03.
We were careful to remove non-viable scenarios during the parameter space exploration. Indeed, some sets of parameters introduce ghost degrees of freedom, or Laplace instabilities. The theoretical conditions required to avoid these particular sets were derived in [8, 28] , for both scalar and tensorial perturbations. Note that the theoretical conditions use only background quantities. So, computing them is very fast and it is possible to check for the good behaviour of tensorial perturbations even though their evolution and power spectrum are not computed explicitly. In practice, our modified version of CosmoMC first checks that the theoretical constraints are fullfilled when hopping to a new point. If they are not, the point is immediately rejected before computing the perturbations evolution.
Finally, the constraints from the combination of CMB, BAO and JLA data were obtained by adding constraints from the JLA sample using the method of Importance Sampling to chains that used CMB and BAO data simultaneously. The constraints from GW170817 were obtained by computing a posteriori the time delay predicted by each scenario saved in the chains ran on cosmological data.
